embodies the results of current algebra, the partial conservation of the axial current, and low-energy pion phenomenology, has been widely used to discuss pion condensation., in nuclear and .neut;on ~atter3 but it does not.·, ~ave a s:turated s~ate ~/nucJear mat~~;. 4 On,the other hand, the Wale~ka 5 ~del and its extensions by Boguta and. Bo~me.r 6 and by . . Banerjee, Glendenning, and Gyulassy 7 possesses the desired bulk nuclear properties and describes many single-particle properties of finite nuclei as well, but does not possess chiral symmetry.
In the context of neutron star matter it was realized by Kallman 8 that a theory based on the coupling of nucleons and massless vector bosons, as suggested by Kirtznits and Linde, 9 leads to an equation of state for dense matter that goes asymptotically to p = 1/3£. This contrasts with the causality limit p =£emphasized by Zel 'dovich, 10 for massive vector bosons.
Recently Boguta 11 has made the very important observation that the chiral a-model can be made to saturate by the same device of introducing a massless vector gauge field. In his work he simplified. the problem by neglecting the pions and studied only the normal state of nuclear matter in its ground state. In view of the success in finally reconciling chiral -2-symmetry and low-energy pion physics and the bulk properties of nuclear matter in a single relativistically covariant theory, it is very appealing to develop the formalism in greater generality and to investigate some of the predictions of the theory for matter under extreme conditions of temperature .and compress ion.
In this paper we derive the equations of motion for the mean fields in the general case for the chiral a-model supplemented by a massless vector meson in interaction with the other hadrons, including baryon resonances.
We examine the compatibility of the theory with normal nuclear matter saturation and with neutron star masses. The finite temperature behavior is then studied. There exists an abnormal phase but it is very different in its temperature and density behavior than that of the original chiral a-model. 
(5a) The canonical form of the PCAC theorem is obtained by choosing the . , 2 13 symmetry breaking term ncr· of£ in the form n = f m • · Hence from a n n the above, cr 0 = f where f is the pion decay coupling constant. Then n n ·the vacuum nucleon mass relates the cdupling constant, g, appearing in£ to
-5-
which is the a-model version of the Goldberger-Treimen relation.
Inverting the above relations, the potential parameters of the theory can be defined by the experimental masses and coupling constants
In the normal state (n = 0) of the nucleon vacuum, the energy density is, from {3b) and (9), ( 8) (9a) The Dirac equation then appears as (14) where for brevity, we write
Since (16a)
the Dirac equation can be manipulated into the form ( 17) where ~ is a qua~i-fermion field defined by (18) and the nucleon effective mass in the medium is
The Dirac equation (17) for the new field, ~, is now space-time independent.
Clearly, the spinor ~ describes a combination of neutron and proton which ~e refer to as a quasi-particle.
It will be useful to recognize the Dirac Hamiltonian of the quasiparticles,
The dispersions relation for the eigenvalues can be found by rationalizing the Dirac operator in {17). The result is
\1
The first term of (21) In the mean field approximation the nucleon ground state is constructed The nucleon currents appearing in the field equations need to be
.~ ~e-expressed in terms of the quasiparticle fields whose eigenvalue spectrum was discussed above. These are found to be
It is convenient.to define-the f6ur densities
The bracket denotes the expectation value in the ground state that was defined
.. 
-13-giving the isospin-density in terms of the charge and nucleon density. After some algebra we find in particular,
where the currents are now expressed in terms of the quasiparticles. 
Introducing the mean meson fields and the quasiparticle fields this becomes 2 2 1 iy5Tle
(36} where the last term is recognized as the time-like component of the isospin four-current, which is related to the charge and nucleon density by (32). It is very useful to recognize this fact because variations of the energy density at fixed charge and nucleon density. leave J~ constant. In particular, we wish to find the lowest energy mode in which the pions can condense. This will be given by the conditions where the variation 6 means that charge and nucleon density are held fixed.
We have ..
The partial derivatives ae:/acr, etc., all vanish by virtue of the field equations. Hence The derivative of its expectation value is, where is the sum of the occupied quasiparticle eigenvalues. -The last t~rm in (42) vanishes at constant nucleon density. We find therefore, taking account of (20, 37) that
where the right side is the 3-current of isospin (33c). Therefore the condition that the pions condense in the lowest mode places a condition on their wave vector~' which is to be chosen so that the isospin 3-current vanishes. Likewise the first condition of (39) places a constraint on~k 0
• Together they read,
The vanishing of the three-current corresponding to the conserved isospin density, which was derived above, can also be inferred by Baym's theorem, 14 
Since this is independent of the ~pace index i, all three such expectation values are equal, and we can write
Notice in connection with (49) that the eigenstates E are doubly degenerate The trace is over spinor and isospin indices so we have altered the notation from K of ( 48} to :. i . · . . The last three equations are to be solved, at given baryon density p, for r, e, and 1~1. The current densities Ps and p 51 take the forms
• -21-
(Recall that M = gr.) The Fermi ?nergy,, EF, appearing in the ~tep function
is defined in terms of the nucleon density by
Equations (67) determine w 0 , r, e and 1~1. the last three quantities, the chiral radius and angle, and the wave number of the pion condensate occur in a highly non-linear way in (67).
Once the solutions have been found, the energy density and pressure can be calculated from
It is interesting to consider the high density limit for the normal state and the last of (79) ensures, as at T = 0, that the pressure is isotropic. To summarize, the field equations and the expression for p and e hold, as before, with the replacement in the integrals,
except for the baryon density, {81) in which the difference appears. {That thew-field is coupled to the difference {81) can be traced to {47).)
VI. Properties of Symmetric Matter
Here we compare the properties of normal matter in this theory with the empirical properties. Recall equations {6 and 9), which relate the parameters of the theory to physical quantities, the nucleon and meson masses, and the 
VII. Neutron Star Masses
As an additional test of the theory we calculate the mass of a neutron star approximating the matter as pure neutron matter described by this theory. One condition for stability of the star is that dM/dpc ~ 0 (89) where Pc is the central density. The equality yields the maximum mass that can be sustained against gravitational collapse. A second condition is that the adiabatic ,index of the equation of state y = d .R-n p/d .R-n E: should be greater than or equal to 4/3. Values of y that are less than 4/3 can lead to oscillations that may destroy the star. In Fig.2 The maximum star mass of MG, which is stable in all respects, exceeds the observed masses of 1.4 M® for the crab and Her-1. Thus the theory is acceptable as far as data on neutron star masses is concerned. 11 ' 11' But this is an isolated solution confined to p = 0 at T = 0. For finite temperature, the situation is rather more interesting. The reason, as has been stated elsewhere, 18 is that the scalar field is coupled to the sum of baryon and antibaryon densities, as a consequence of which an instability can set in at finite temperature since the departure of the scalar field from its vacuum value reduces the baryon masses, thus making pair creation more energetically favorable, which further drives the scalar field reducing baryon masses even further. Therefore the new phase appears at an extremely low temperature compared to the vacuum mass of a pair because of the near vanishing of the effective mass. The vector field does not inhibit the instability because it is coupled to the net baryon density (c.f. 67a, 81 or alternately 66a). The present model possesses such an abnormal phase, corresponding to small baryon effective mass and abundant pairs, but it is confined to the low-density regime, again in contrast to the usual a-model. This is due to the fact that here, the vector field is introduced as a gauge boson that is coupled to the scalar field. It derives its effective mass from this. The first term on the right sid~ of (67b) originates from this coupling as the derivation shows, and this term prevents small values of r except for small p. at zero temperature develops into a pair of solutions at finite temperature, extending to finite baryon density. On one of the stable branches, the effective mass is near the vacuum value, and we call it the normal branch. On the other, the effective mass i~ very smal~, and we refer to it as abnormal ..
On the normal branch, the effective mass de~reases as a function of density to a minimum and thereafter increases monotonically. It is the particular gauge coupling of the vector field as remarked above that gives _rise to this behavior.-As the temperature is raised th~ abnormal branch extends to higher and higher density until it intercepts the normal branch. Beyo~d the citical temperature, TK' at which_this occurs,_ the normal branch no longer extends :-~ continuously from low to high density. It becomes a remnant of its former self. In contrast, the abnormal branch extends continuously from low to high density. However as the density increases, its nature evolves, and it assumes the character of a normal state at high density. Beyond another critical temperature, Tc' it is the only solution and the remnant of the normal state ceases to exist. The abundance of pairs 18 which besides the low-effective mass is the other remarkable feature of the abnormal phase, is shown in Fig.7 .
The normal phase is one of broken chiral symmetry. What we have found above is that at high temperature, the symmetry is recovered, but only at low density, indeed, strictly speaking, at vanishing density. This result is quite different from the original chiral a-model, and as remarked earlier, is due to the particular gauge coupling of the vector meson to the scalar field.
X. Summary
We have developed the self-consistency equations that govern the normal and pion-condensed states in a chiral theory with an vector meson introduced as a gauge field. As Boguta first observed, such a theory saturates in the normal state unlike the original a-model. We have shown in addition that the theory is compatible with data on neutron star masses. This finding is non-trivial inasmuch as the ideal neutron gas equation of state which has the same asymptotic behavior, p = 1/3 £, as the present theory has too small a 1 imiting mass.
The theory was extended to incorporate N* resonances as Dirac fields, as is appropriate for studying the high temperature or high density regimes.
We then examined the finite temperature properties. A normal phase transition between liquid and gas occurs below T-23 MeV. There exists as well· at all temperatures an isolated abnormal phase characterized by small baryon effective mass, and at non-zero temperature, abundant baryon-antibaryon pairs of low effective mass. Phase equilibrium 6etw~en this and the normal phase occurs at only a single point, TK. Above a critical temperature Tc there is only one phase, which at low density corresponds to the chirally restored phase. As a functi~n of density, and above Tc, this phase ~valves continuously into a normal phase as the density is increas~d.
In this theory, chiral symmetry is restored at high temperature but only in matter of low baryon density. .. 
